We investigated the feasibility of bioremediation as a treatment option for a chronically diesel-oil-polluted soil in an alpine glacier area at an altitude of 2,875 m above sea level. To examine the efficiencies of natural attenuation and biostimulation, we used field-incubated lysimeters (mesocosms) with unfertilized and fertilized (N-P-K) soil. 
Bioremediation of hydrocarbon-contaminated soils, which exploits the ability of microorganisms to degrade and/or detoxify organic contamination, has been established as an efficient, economic, versatile, and environmentally sound treatment (27) . On-site-off-site and in situ systems may be used. Decontamination of polluted sites in cold climates has received increasing interest recently. Considerable oil bioremediation potential has been reported for a variety of terrestrial and marine cold ecosystems, including arctic, alpine, and antarctic soils; Alaskan groundwater; and antarctic seawater and sea ice (reviewed in references 3 and 19) . Field temperatures play a significant role in controlling the nature and extent of hydrocarbon metabolism. Temperature affects the rate of biodegradation, as well as the physical nature and chemical composition of hydrocarbons (4, 36) .
Monitored natural attenuation (intrinsic bioremediation) is becoming the accepted option for low-risk oil-contaminated sites and is a cost-effective remediation alternative (13) as it has few costs other than monitoring costs and the time required for natural processes to proceed (27) . Biodegradation is most often the primary mechanism for contaminant destruction; however, physical and chemical processes, such as dispersion, dilution, sorption, volatilization, and abiotic transformations, are also important (33) . The most widely used bioremediation procedure is biostimulation of the indigenous microorganisms by addition of nutrients, as input of large quantities of carbon sources (i.e., contamination) tends to result in rapid depletion of the available pools of major inorganic nutrients, such as N and P (26) . Several studies of the effects of biostimulation with mainly N-P-K or oleophilic fertilizers have reported positive effects on oil decontamination in cold ecosystems (reviewed in references 3 and 19) .
The objective of our study was to determine the feasibility of bioremediation as a treatment option for a chronically dieseloil-polluted soil in an alpine glacier area at an altitude of 2,875 m above sea level. Oil pollution in ski resorts is caused by the use of motor vehicles for preparation of ski runs and also by leaks and storage tank ruptures. To examine the efficiencies of natural attenuation and biostimulation, we used field-incubated lysimeters (mesocosms) with unfertilized and fertilized soil. For three summer seasons (July 1997 to September 1999), we monitored changes in hydrocarbon concentrations in soil and soil leachate and the accompanying changes in soil microbial counts and activity.
MATERIALS AND METHODS
Study site. The field study was performed on the Eisgratferner Glacier in the Tyrolean Stubai Alps at an altitude of 2,875 m above sea level. The mean annual air temperatures in this area were 0.6, Ϫ1.3, and Ϫ1.8°C in 1997, 1998, and 1999, respectively; the annual levels of precipitation were 1,256, 1,472, and 1,780 mm, respectively. The annual soil thaw season is very short (between June or July and September). Summer temperatures vary greatly from near freezing to more than 20°C at the soil surface ( Fig. 1 and Table 1) .
Soil. The soil investigated was a mixture of carbonaceous gravel and sand; the geological underground (C horizon) was central alpine gneiss. The soil had a pH of 8.0 (measured in 10 mM CaCl 2 ) and contained 0.014% total N (Kjeldahl), 0.34% organic C, 2.3% inorganic C, and 19.2% carbonate. The P 2 O 5 and K 2 O contents (calcium lactate extract) and the Fe and Mn contents (EDTA extract) were 20, 430, 580, and 40 g g of soil
Ϫ1
, respectively. The soil contained 2,612 Ϯ 70 g of hydrocarbons g (dry weight) of soil Ϫ1 at the beginning of the investigation (determined as described below); the contamination consisted of biodiesel oil.
Field lysimeters (mesocosms). On 4 July 1997, about 150 kg of soil was removed from the contaminated zone in the motor pool area (i.e., in front of the garages and the petrol station for the motor vehicles used for preparation of ski runs), 50 m north of the Eisgrat station of the Stubaier Gletscherbahn. The soil was collected from an approximately 20-m 2 area from the surface to a depth of about 0.1 m. After thorough mixing, about 22 kg of soil (density, 1.7 g cm Ϫ3 ) was placed into each of six lysimeters. Each lysimeter consisted of two polyethylene pans (length, 0.4 m; width, 0.32 m; fill height, 0.1 m), and one pan was mounted on top of the other; the bottom of the upper pan, which contained the soil, had drain holes so that the aqueous soil leachate could be collected in the lower pan.
In order to simulate natural attenuation (sum of abiotic elimination plus natural biodegradation), the soil in three lysimeters (replicates) was not treated. To determine the effect of biostimulation, the soil in the other three lysimeters (replicates) was mixed with a water-soluble N-P-K fertilizer (15-15-15 ; Agrolinz Melamin GmbH) containing 15% inorganic N (9.5% NH 3 -N, 5.5% NO 3 -N), 15% P 2 O 5 , and 15% K 2 O; the C/N ratio was adjusted to 20:1, and the C concentration was related to the measured initial contamination (the calculated concentrations were 71 g of NH 3 ). The lysimeters were transported to an undisturbed area (where visitors were not allowed) about 50 m south of the soil sampling area and incubated until 23 September 1999 in the field under natural conditions (i.e., without any intervention, such as correction of the water content, etc.). Sampling was done immediately after the lysimeters were set up and at regular intervals during the summer seasons (Table 1 ) but was not possible between October and May, when the soil was frozen. The soil in the lysimeters was thoroughly mixed, and approximately 700-g samples, equally distributed, were taken from each pan. The volume of the soil leachates was recorded; 3 liters of leachate was collected from each lysimeter. Soil and leachate samples were transported in cooled boxes to the laboratory in order to perform the measurements described below. Each sample from each lysimeter was analyzed in triplicate.
Physical and chemical analyses. Soil dry weight was determined from the weight loss after heat treatment (20 h at 80°C). Soil pH was determined with a glass electrode; 1 part of soil was mixed with 2.5 parts of 10 mM CaCl 2 . The available inorganic soil nutrient contents were determined as described in detail by Schinner et al. (30) . Available nitrogen was extracted from soil by shaking the soil with 2 M KCl for 1 h. The ammonium-N in a filtrate was quantified colorimetrically by measuring the salicylic acid analogue of indophenol blue. The nitrate-N content was determined by measuring UV absorption at 210 nm; a correction for interfering substances was made by reducing nitrate with coppersheathed, granulated zinc. The available phosphorus was extracted from soil by shaking the soil with 0.4 M LiCl and quantified colorimetrically in the filtrate by the molybdenum blue method.
Total petroleum hydrocarbons (TPH) were measured by the German standard method (10) . Ten grams of soil was dehydrated with Na 2 SO 4 and mixed for 30 min with 10 ml of 1,1,2-trichlorotrifluoroethane; the TPH content of the filtrate was quantified by infrared spectroscopy.
Soil biological analyses. The following analyses were carried out as described in detail previously (30) . Catalase activity was determined by measuring the amount of O 2 that evolved from hydrogen peroxide in a phosphate-buffered (pH 6.8) soil suspension. To determine lipase activity, the butyric acid released from tributyrin at 25°C was extracted with ethyl acetate and quantified titrametrically by using 5 mM NaOH. Soil respiration (CO 2 evolution) was determined by the Isermeyer technique; the CO 2 produced during incubation for 48 h at 10°C was quantified by titration. Soil microbial counts were determined by the plate count method for viable cells (21) on agar plates that contained purified agar and no antifungal agents. R 2 A agar plates (29) were used to enumerate heterotrophic microorganisms. Hydrocarbon utilizers were quantified on oil agar plates (21) that contained a phosphate-buffered neutral-pH mineral medium and diesel oil as the sole carbon source. CFU were counted after incubation for 14 days at 10°C. No significant growth was observed on control plates without diesel oil.
Soil leachates (hydrocarbon quantification, inhibition of bioluminescence). The TPH contents of soil leachates were determined as described previously (20) . Hydrocarbons were extracted from 900 ml of leachate by 10 min of vigorous shaking with 20 ml of 1,1,2-trichlorotrifluoroethane and were quantified by infrared spectroscopy (10) .
Inhibition of bioluminescence of Vibrio fischeri (Photobacterium phosphoreum), which is reduced in the presence of toxic compounds (the degree of inhibition depends on the toxicity), was determined by the German standard method (11) . The soil leachate was amended with NaCl (2%). Light emission by V. fischeri (BioOrbit, 1243-500 BioTox kit) was measured luminometrically at 15°C immediately and 30 min after various dilutions of the leachates were added. NaCl (2%) was used as the control. Inhibition of bioluminescence was expressed FIG. 1. Monthly precipitation (bars) and mean air temperatures (line) at the field study site. a The soil temperature was measured at the surface and at the bottom (depth, 10 cm) of each lysimeter. b There were snow cover on the soil and ice cover on the leachates.
as a GL value, the smallest dilution factor (G) for the test solution (leachate) which resulted in inhibition of light emission of Յ20%. The test solution was not toxic at a GL value of 1 or 2, while toxicity was indicated by GL values greater than 8 (15) . Statistical analyses. Normal distribution of the data was tested by the Kholmogorov-Smirnov test. Whether a treatment had a significant effect on the measured parameters was analyzed by the t test for independent samples (P Ͻ 0.05) for data with a normal distribution, while nonparametric data were analyzed by the Mann-Whitney two-sample U test (P Ͻ 0.05). Correlations between the measured parameters were analyzed by the Pearson product-moment correlation technique (data with a normal distribution) or the Spearman rank order correlation technique (nonparametric data).
RESULTS AND DISCUSSION
Soil hydrocarbon decontamination. Figure 2A shows the effect of treatment on the time course of hydrocarbon disappearance. At the beginning of the study (2,612 Ϯ 70 g of hydrocarbons g [dry weight] of soil Ϫ1 ), chemical oxidation processes and metabolic activities, including biodegradation, were stimulated by manipulation (soil sampling, mixing), and thus the level of hydrocarbon loss was high with both treatments during the first 3 weeks. The main difference between treatments occurred during the next 8 weeks, when biostimulation resulted in significantly increased hydrocarbon loss. At the end of the first summer season (after 78 days), a significantly reduced hydrocarbon content, corresponding to a decontamination level of (42 Ϯ 6)%, was measured for the fertilized soil (most of the hydrocarbon loss in this soil occurred during the first summer season), whereas no hydrocarbon loss was noticed in the unfertilized (i.e., naturally attenuated) soil due to an apparent significant increase in the hydrocarbon level accompanied by significant decreases in microbial counts and soil respiration ( Fig. 2C and D) after an initial significant decrease. Such a release of hydrocarbons has been attributed to enhanced hydrocarbon mobilization by microbial biosurfactant production (20) . We assume that the mobilized hydrocarbons were biodegraded due to the favorable nutrient conditions in the fertilized soil but not in the unfertilized soil.
Significant decontamination occurred at the beginning of the second summer season (June 1998), when the first manipulation after the long winter may have accelerated hydrocarbon loss. After the initial hydrocarbon loss, we observed apparent but insignificant hydrocarbon releases during the next 39 days with both treatments. At the end of the second summer season (after 447 days), the initial level of contamination had been reduced by (41 Ϯ 4)% and (66 Ϯ 2)% in the unfertilized and fertilized soils, respectively. At the end of the third summer season (after 780 days), biostimulation had decreased the hydrocarbon concentration to 774 Ϯ 52 g g (dry weight) of soil Ϫ1 ([70 Ϯ 2]% reduction), while at the same time the hydrocarbon concentration was 1,296 Ϯ 110 g g (dry weight) of soil Ϫ1 ([50 Ϯ 4]% reduction) with natural attenuation. Thus, the level of contamination was still high with both treatments, but the initial fertilization treatment was an appropriate treatment in terms of accelerated hydrocarbon loss. Results comparable to those obtained in our study were obtained in a field study of bioremediation of aged diesel fuel conducted during two successive summers in an arctic tundra soil (28) .
The most direct way to measure bioremediation efficacy is to monitor hydrocarbon disappearance rates (4). In our study, the mean hydrocarbon content in all three summer seasons was significantly lower in the fertilized soil (Table 2) . Biostimulation was most effective in the first summer (the rate of hydrocarbon disappearance was 13.9 g of hydrocarbons g [dry weight] of soil Ϫ1 day
Ϫ1
); however, the positive effect did not last for the whole study. Despite addition of nutrients after the first winter, the biostimulation effect decreased. Both in the second summer and in the third summer natural attenuation resulted in higher rates of hydrocarbon disappearance (7.0 and 3.8 g g Ϫ1 day Ϫ1 , respectively) than of biostimulation (2.7 and 3.3 g g Ϫ1 day Ϫ1 , respectively). The natural attenuation process was slower, but nevertheless it was effective over a longer period of time.
Several studies have reported favorable effects of fertilization on oil biodegradation at low temperatures in arctic soils (7, 25, 28, 37) , alpine soils (17) (18) (19) , and antarctic soils (1, 35 ). An understanding of nutrient effects at a specific site is essential for successful bioremediation (7, 8, 27) . For old contaminations it is not clear that fertilization has a beneficial effect (13, 20) . Hydrocarbon loss is known to decrease with time. At concentrations below possible threshold concentrations (which may depend on the soil structure and on the composition of the contaminant), biodegradation rates are low or negligible (2); this can be attributed to the formation of persistent polar compounds (24) . Residual contamination is obviously greater in old contaminations than in fresh contaminations; in laboratory studies we obtained a level of decontamination of about 90% for experimentally diesel-oil-contaminated soils (17) .
Soil water content and soil pH. Low moisture content is an important limiting factor in biodegradation. The soil water content varied according to the weather and ranged from 1 to 16% at the time of soil sampling ( Table 1 ). The soil buffering capacity was sufficient to maintain the soil pH in the neutral range, which is favorable for biodegradation (4, 27) . The initially measured soil pH (pH 8.0 Ϯ 0.06) decreased significantly in the fertilized soil (pH 7.7 Ϯ 0.06) during the first 22 days of the study and then increased again (pH 7.9 Ϯ 0.1). It was significantly lower (pH 7.5 Ϯ 0.1) after the first winter season, and it decreased further to pH 7.3 Ϯ 0.06 (unfertilized soil) or pH 7.2 Ϯ 0.1 (fertilized soil) by the end of the second summer season. For both treatments, a pH of 7.4 Ϯ 0.06 was obtained at the end of the study. A significantly lower pH in fertilized soil samples than in corresponding unfertilized soil samples has been described previously (20) . In our study, the effect of biostimulation on soil pH decreased with time; the pH was significantly decreased by biostimulation in the summer in 1997 and 1998, while no effect was observed in the summer in 1999 (Table 2) .
Available nutrients (ammonium-N, nitrate-N, P). The soil investigated was nutrient deficient. The extractable available nutrient contents were around 1 g g (dry weight) of soil Ϫ1 and did not change significantly during the field study (data not shown). The recommended C/N ratios for soil hydrocarbon bioremediation vary greatly and range at least from 100:1 to 10:1 (4, 26) . It is important to add both N and P (1, 7, 25) , although N has been shown to be the major limiting nutrient in arctic soils (7) . In our study, during the whole study period fertilization resulted in significantly increased ammonium-N, nitrate-N, and P contents (Fig. 2B ). Nutrient contents decreased considerably with time. At the end of the first summer period, the ammonium-N, nitrate-N, and P contents were 23 Ϯ 2, 5 Ϯ 2, and 18 Ϯ 2 g g (dry weight) of soil Ϫ1 , respectively. Also, after the second fertilization, which was applied after the first winter period, the nutrient contents decreased with time. No significant changes were observed in the third summer. The disappearance of available nutrients over time can be attributed to metabolism, immobilization in biomass, immobilization on soil colloids, and washing out (the latter was confirmed by soil conductivity data obtained with soil leachates). The nitrate-N content decreased faster than the ammonium-N content because the level of immobilization of nitrate-N on soil matrix compounds is low (30) . The decrease in the P content was caused by microbial metabolism and also by immobilization as apatite (calcium phosphate). The P content decreased much less than the N content, possibly because of P remobilization from apatite during microbial metabolism (14) .
Soil leachates. Aqueous soil leachates correspond to natural washing out ( Table 1 ). The hydrocarbon content of soil leachates represents the water-mobilizable components of contamination and is an important parameter in regulations. During our entire study, the hydrocarbon content was close to or less than 0.1 mg liter of leachate
, independent of the treatment. The pH remained in the neutral range (pH 7.0 to 7.5), and there was no inhibition of bioluminescence, which is frequently used for toxicity assessment (5). These results indicate that there was no mobilization of toxic hydrocarbon fractions.
Soil microbial counts. At the beginning of our study, we counted (6.5 Ϯ 0.4) ϫ 10 7 culturable heterotrophic microorganisms g (dry weight) of soil
. In the unfertilized soil, the counts remained almost unchanged in the summer of 1997 and decreased in the summer of 1998. Biostimulation resulted in a significant increase in the heterotroph counts during the first summer (the counts increased considerably in July and August and decreased in September) but did not have a significant effect in the second and third summer seasons, when the number of heterotrophs decreased. At the end of the study, the counts were comparable (1.2 ϫ 10 7 CFU g [dry weight] of soil Ϫ1 ) for the two treatments ( Fig. 2C and Table 2 ). A considerable portion of the heterotrophs ([4 Ϯ 0.2] ϫ 10 6 CFU g [dry weight] of soil Ϫ1 ) was able to utilize diesel oil as a sole carbon source. During the entire study, the time course for culturable oil degraders was almost comparable to that for heterotrophs; however, the fluctuations were greater, and the number of culturable oil degraders was significantly lower than the number of heterotrophs (Fig. 2C) . Biostimulation resulted in significantly increased counts of oil degraders in the first summer, while no effect was detected in the second and third summer seasons (Table 2) . At the end of the study, (2.7 Ϯ 1.7) ϫ 10 6 and (1.5 Ϯ 0.5) ϫ 10 6 CFU g (dry weight) of soil
were present in the unfertilized and fertilized soil, respectively. It has been shown that fertilization increases the number of indigenous microorganisms in cold environments (6, 16, 28) . We attribute the decreases in microbial counts with time, in- dependent of treatment, to the decreases in the hydrocarbon concentrations. A downward trend for microbial abundance well in advance of the exhaustion of all hydrocarbons has also been noted in another study (32) . Remarkably, no significant decreases in microbial counts were observed after the winter seasons. This could have been the result of microbial adaptation to a natural environment that is characterized by widely fluctuating temperatures and frost periods. During the winter, snow cover protects the soil against low air temperatures and freeze-thaw events by trapping residual heat (9) . An alternative explanation is that population sizes decrease in winter but rapidly increase in spring. In cold ecosystems, the microbial community consists mainly of psychrotrophs (12) that grow over a wide temperature range (from 0 to Ͼ25°C) which parallels the ambient temperature range. Psychrotrophic microorganisms able to degrade a wide range of hydrocarbons, including aliphatic, aromatic, and polycyclic aromatic hydrocarbons, have been found in cold arctic soils (6, 7, 16, 25, 28, 37) , alpine soils (17) (18) (19) (20) , and antarctic soils (1, 35) . The presence of active diesel oil degraders in an alpine glacier environment points to the ubiquity of these organisms.
Soil microbial activities. As the use of poisoned controls is precluded in the field, it was of interest to measure the activity of the soil microorganisms in response to treatment. Flat or depressed microbial activity signifies little or no microbial involvement, while strong positive responses indicate that the biodegradative contribution of the indigenous microorganisms is significant (34) . Soil respiration and enzyme activities are measures of microbial activity in soil (30) and are indicative of the onset of hydrocarbon biodegradation (21, 34) .
The levels of microbial activity in the unfertilized soil fluctuated around the background levels during the whole study. They were at or below the detection limit of the methods used; however, the presence of viable microorganisms was shown by microbial counts. Fertilization resulted immediately in marked but short-lived increases in soil respiration and enzyme activities (Fig. 2D to F) . This pattern was also observed in the second and third summer seasons, although the activities were much lower. Soil respiration was significantly enhanced in the first summer season, while catalase and lipase activities were significantly stimulated in all three summer seasons ( Table 2 ). This may have been a side effect of the very low enzyme activities in the unfertilized soil. Over time, there was a tendency for microbial activities to decline to background levels. This decline was associated with the loss of more labile contaminant components due to biodegradation (23) .
The increases in both microbial counts and activity after the initial fertilization were not repeated to the same extent after refertilization in the second year, despite the fact that our nutrient data (Fig. 2B) do not indicate that conditions were nutrient limiting. Interestingly, we observed that the period when maximum microbial activity occurred in the second summer was not identical to the period when the nutrient level was highest, as was the case in the first year. It also did not correlate with the highest soil surface temperatures ( Table 1) . The possibility that nitrite toxicity occurred can be excluded since nitrite-N was not detected at any time (data not shown). We can also exclude the possibility that overfertilization occurred, since the nutrient concentrations added were well below concentrations that were found to inhibit microbial activity and hydrocarbon loss in cold soils (25; reference 7 and references therein). It has been suggested that bioremediation is not likely to be effective with extensively degraded oil (8) . Aged hydrocarbon residues were not bioavailable to metabolically competent degrading microorganisms (31) .
We have found that monitoring of soil lipase activity is a valuable indicator of diesel oil biodegradation in freshly contaminated, unfertilized and fertilized soils (22) . In artificially contaminated laboratory microcosms, lipase activity remained stable even when the rates of hydrocarbon loss were considerably decreased (21, 22) . However, in our field study, lipase activity was negligible in the unfertilized soil and decreased rapidly in the fertilized soil after an initial increase. This pattern was observed in all three summer seasons (Fig. 2F) . In- terfering factors, such as the composition of the contaminant components and the level of recalcitrant compounds, may influence lipase activity in soils in which the contamination is aged.
Correlations. Correlations between parameters measured in the field study are presented in Table 3 . In the fertilized soil, all biological parameters (microbial counts, soil respiration, enzyme activities) correlated significantly positively with each other, as well as with the residual hydrocarbon concentration, indicating the importance of biodegradation. The positive correlations of the available nutrient content with the hydrocarbon concentration, the microbial counts, and the activities in the fertilized soil indicate the relevance of nutrients. The low microbial activities in the unfertilized soil (Fig. 2D to F) , as well as the lack of correlation with the residual hydrocarbon concentration, led to the conclusion that a considerable part of the hydrocarbon loss due to natural attenuation probably had to be attributed to abiotic processes.
In conclusion, we demonstrated that a significant reduction in the level of one of the most common pollutants, diesel oil, can be achieved even under unfavorable conditions, such as those present in an alpine glacier area at about 3,000 m above sea level, an environment in which to our knowledge bioremediation studies have never been performed before. Nonetheless, the rate of contaminant removal slowed drastically before the desired clean-up was complete.
